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NON-NOBLE METAL-SUPPORTED
ZIRCONIUM PHOSPHATE CATALYST FOR
GENERATING CYCLIC HYDROCARBON,

AND METHOD FOR PREPARING CYCLIC
HYDROCARBON BY USING SAME

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application 1s a continuation application of Interna-
tional Application No. PCT/KR2015/009846, filed Sep. 18,
2015, which claims priority to Korean Application No.
10-2015-0103613, filed Jul. 22, 2015. The entire contents of
the aforementioned patent applications are incorporated
herein by this reference.

TECHNICAL FIELD

The present invention relates to a non-noble-metal sup-
ported on zirconium phosphate catalyst for preparing a
cyclic hydrocarbon and a method of preparing a cyclic
hydrocarbon through hydrodeoxygenation of a lignin
derivative including guaiacol using the non-noble-metal
supported on zircommum phosphate catalyst.

Recently, biomass 1s receiving attention as a feedstock for
an organic chemical material as well as fuel owing to limited
tossil tuel reserves. In particular, lignin, which 1s a byprod-
uct of currently useful pulp processes, 1s used as a low-grade
tuel through re-burning. Lignin 1s typically converted into a
gas or liquid through pyrolysis and 1s thus used as a fuel or
feedstock. Lignin 1n a liquid phase 1s called “bio-011” and 1s
composed of an aromatic compound having high oxygen
content (about 40%).

Accordingly, i order for such bio-o1l to serve as a
teedstock for a chemical material, 1t 1s 1mportant to appro-
priately remove oxygen from the bio-oil. These days, a
hydrodeoxygenation (HDO) reaction using a catalyst
enables the conversion of a lignin derivative into an aro-
matic chemical material at high yield through appropnate
deoxygenation, and 1s thus under thorough study because of
the high utility thereof.

For example, U.S. Pat. No. 4,647,704 discloses a method
of converting lignin into an aromatic material phenol
through hydrodeoxygenation. Here, the reaction 1s carried
out using a zero-valent or sulfided tungsten catalyst, a nickel
additive, and a silica-alumina or silica-alumina-phosphate
support. Furthermore, Korean Patent No. 10-0587248 dis-
closes a method of preparing phenol from benzenediol using
a tungsten or molybdenum catalyst including phosphorus,
nickel, cobalt, 1ron, ruthenium, etc., or a cobalt, palladium,
nickel or platinum catalyst including zinc, rhenium, sele-
nium, tin, germanium, lead, etc.

Upon deoxygenation, when hydrogen 1s added, a sulfide
catalyst 1s known to be active. However, 1n recent papers,
sulfur generated from the sulfide catalyst may deactivate the
catalyst, may contaminate the product, and requires high-
temperature and high-pressure conditions, and thus research
into catalysts that obviate sulfur treatment under relatively
simple conditions 1s ongoing (A. Gutierrez et al., Catal.
Today vol. 147, 2009, p. 239-246; C. Zhao et al., J. Catal.
vol. 280, 2011, p. 8-16).

Currently, there are various documents pertaining to sup-
ports and catalysts used to convert a lignin model material
such as guaiacol as a reactant in the presence of a catalyst.

In particular, the literature [Y. K. Hong et al. Applied
Catalysis B: Environmental 150-151 (2014) 438-443] dis-
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reaction routes when an acid catalyst 1s used alone and when
an acidic support 1s added with a noble metal having
hydrogenation activity.

|Scheme 1]
(a)
HDO Reaction route using acid catalyst
o OH
OH OH
AN X
‘ e e
F S
guaiacol catechol
OH
‘ S ‘ S
phenol benzene cyclohexane
(b)
HDO Reaction route using acidic support and noble metal catalyst
o 0~
OH OH
AN -
— —
/
guaiacol 2-methoxy
cyclohexanol
_ - o —
@ — .
\/ cyclohexane
cyclohexanol cyclohexanone
- - -3 Acid sites
— Noble metal sites

However, the above techniques are problematic because
economic benelits are negated due to the use of noble metal,
and thus there 1s a need for methods of economically
producing a cyclic hydrocarbon from the lignin derivative
through a simpler procedure.

SUMMARY

Accordingly, the present invention 1s intended to provide
the production of a cyclic hydrocarbon (cyclohexane) at
high yield through hydrodeoxygenation and hydrogenation
of guaiacol, which 1s a lignin derivative containing aromatic
carbon, using a catalyst comprising a zirconium phosphate
support and a non-noble metal.

More specifically, the present mvention 1s intended to
provide the production of cyclohexane at sigmificantly
increased yield (88%) through hydrodeoxygenation and
hydrogenation of guaiacol, which 1s a lignin denivative
containing aromatic carbon, using a catalyst comprising a
zirconium phosphate support and a non-noble metal due to
synergistic effects of the non-noble metal such as cobalt and
the zirconium phosphate.
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Therelfore, the present invention provides a catalyst for
preparing a cyclic hydrocarbon, which 1s a non-noble-metal
supported on zircommum phosphate.

In addition, the present invention provides a method of
preparing a cyclic hydrocarbon, including preparing a cyclic
hydrocarbon from a lignin derivative through hydrodeoxy-
genation and hydrogenation using the above catalyst.

According to the present invention, the catalyst has no
need to treat sultur that 1s liable to contaminate a product,
and enables the preparation of cyclohexane at high yield
under relatively simple conditions.

According to the present invention, when zirconium phos-
phate 1s used as a support, cyclohexane can be prepared at
remarkably high yield due to the synergistic eflects thereof
with N1 or Co, compared to the use of typical supports
having different acid sites.

According to the present invention, when zirconium phos-
phate 1s used as a support, the yield of cyclohexane can be
turther increased 1n the presence of a non-noble metal such
as N1 or Co than 1n the presence of a noble metal such as Pd
or Pt, typically useful for HDO. In particular, when Co 1s
used, the yield of cyclohexane can be increased up to 88%.

The catalyst of the present invention contains a non-noble
metal, thus generating economic benefits compared to exist-
ing noble-metal-based catalysts, and also realizing a con-
version of 99% 1n a short reaction time of 2 hr 30 min and
a maximum cyclohexane yield of 88%.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a graph showing the results of gualacol hydro-
deoxygenation conversion and cyclohexane yield of com-
parative supports;

FIG. 2 1s a graph showing the results of gualacol hydro-
deoxygenation conversion and cyclohexane yield of com-
parative metals;

FIG. 3 1s a graph showing the cyclohexane yield and
conversion as the results of guaiacol hydrodeoxygenation
and hydrogenation depending on the amount of cobalt that
1s supported; and

FIG. 4 1s a graph showing the cyclohexane yield and
conversion as the results of guaiacol hydrodeoxygenation
and hydrogenation depending on the amount of nickel that
1s supported.

DETAILED DESCRIPTION

Hereinafter, a detailed description will be given of the
present mvention.

The present invention addresses a catalyst for preparing a
cyclic hydrocarbon, which 1s a non-noble-metal supported
on zircomum phosphate.

The catalyst for preparing a cyclic hydrocarbon according,
to the present invention 1s configured such that a non-noble
metal 1s supported on a zirconium phosphate support.

In the present mnvention, zirconium phosphate, serving as
the support, preferably has a P/Zr molar ratio of 1:1 to 1:3.

The non-noble metal preferably includes, but 1s not nec-
essarilly limited to, nickel, cobalt, 1ron, molybdenum or
alloys thereof.

The non-noble metal 1s preferably supported 1n an amount
of 10 to 40 wt %, and more preferably 20 to 30 wt %, based
on the weight of the zirconium phosphate. Within the above
amount range, both the metal and the support of the non-
noble-metal supported on zircontum phosphate catalyst par-
ticipate 1n the reaction. If the amount thereof 1s less than 10
wt %, active sites of metal may become insuthicient. On the
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other hand, 1f the amount thereof exceeds 40 wt %, the metal
may block the active sites of the support, thus deteriorating
the activity of the catalyst.

The catalyst 1s used for the preparation of a cyclic
hydrocarbon from a lignin dertvative serving as a reactant.

In addition, the present invention addresses a method of
preparing a cyclic hydrocarbon, including preparing a cyclic
hydrocarbon from a lignin derivative through hydrodeoxy-
genation and hydrogenation using the above catalyst.

The lignin derivative 1s converted into a cyclic hydrocar-
bon through hydrodeoxygenation and hydrogenation 1n the
above preparation method.

The lignin derivative may include guailacol, anisole, cat-
echol, phenol or veratrol, and 1s preferably guaiacol. Here,
guaiacol 1s dissolved 1n an organic solvent such as n-hexane,
n-decane, dodecane, p-xylene, etc.

The cyclic hydrocarbon may include cyclohexane, 1,1'-
bicyclohexyl, or the like, and 1s mainly cyclohexane.

In the preparation method according to the present mnven-
tion, the cyclic hydrocarbon 1s preferably prepared under
conditions of a reaction temperature of 200 to 400° C., a
total pressure of 40 to 70 bar and a reaction time of 1 to 3

hr.

In an embodiment of the present imnvention, a guaiacol
reactant and a non-noble-metal supported on zirconium
phosphate are placed 1n a batch-type reactor, and are then
allowed to react at a reaction temperature of 200 to 400° C.
and a total pressure of 40 to 70 bar for a reaction time of 1
to 3 hr, whereby guaiacol 1s converted into cyclohexane, or
may also be converted into cyclohexanol and methoxycy-
clohexanol.

MODE FOR INVENTION

A better understanding of the present mvention may be
obtained via the following examples, which are merely set
forth to illustrate but are not to be construed as limiting the
scope of the present mnvention.

Example 1

Preparation of nCo/ZrP (n=20 wt %, 25 wt %, 30
wt %) Catalyst

Zirconium (IV) hydrogen phosphate (P/Zr molar ratio of
1.2, Sigma Aldrich) was heated at a rate of 1° C./min and
fired at 400° C. for 4 hr and thus used as a support. The pore
volume of the prepared support was measured through
nitrogen adsorption-desorption testing, and cobalt was sup-
ported using an incipient wetness method.

The fired zirconium phosphate support was added with
cobalt (IT) mitrate hexahydrate (Sigma Aldrich) 1n an amount
of n wt % (n=20, 23, 30) based on the weight of the support

using an incipient wetness method and then dried at 100° C.
for 24 hr. Thereatter, the dried catalyst was fired at 450° C.

for 5 hr, thus obtaining a solid catalyst 1n a powder phase.

Subsequently, the catalyst thus obtained was reduced at
510° C. for 3 hr 1n a hydrogen atmosphere, thereby yielding
a cobalt/zircontum phosphate catalyst in a black powder
phase.
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Example 2

Preparation of nN1/ZrP (n=20 wt %, 25 wt %, 30
wt %) Catalyst

This catalyst was synthesized in the same manner as in
Example 1, with the exception that a nickel precursor (nickel
(II) mitrate hexahydrate, Sigma Aldrich) was used 1n lieu of
the cobalt precursor.

Comparative Example 1

Preparation of 2 wt % Pt/ZrP Catalyst

This catalyst was synthesized in the same manner as in
Example 1, with the exception that a platinum precursor
(tetraammineplatinum (II) nitrate, Sigma Aldrich) was used
in lieu of the cobalt precursor.

Comparative Example 2

Preparation of 2 wt % Pd/ZrP Catalyst

This catalyst was synthesized in the same manner as in
Example 1, with the exception that a palladium precursor
(palladium (II) nitrate hydrate, Sigma Aldrich) was used 1n
lieu of the cobalt precursor.

Comparative Example 3

Preparation of 25 wt % Co/ZSM-5 (11.5) Catalyst

ZSM-5 (S1/Al molar ratio of 11.5, Zeolyst), fired at 500°
C. for 5 hr, was used as a support, added with a cobalt
precursor 1 an amount of 25 wt % based on the weight of
the ZSM-5 support using an 1ncipient wetness method, and
then dried at 100° C. for 24 hr. Thereafter, the dried catalyst
was fired at 500° C. for 5 hr, thus obtaining a solid catalyst
in a powder phase, which was then reduced at 510° C. for 3

hr 1n a hydrogen atmosphere, thereby yielding a cobalt/
ZSM-5 (11.5) catalyst 1n a black powder phase.

Comparative Example 4
Preparation of 25 wt % Co/SA (40) Catalyst

This catalyst was synthesized in the same manner as in
Comparative Example 3, with the exception that silica-

alumina SIRAL (40) (Al,0,:510,=60:40, Sasol), fired at
500° C. for 5 hr, was used as a support.

Experimental Example 1

Preparation of Cyclohexane through
Hydrodeoxygenation and Hydrogenation of Lignin
Denvative Guaiacol Using the above Catalyst

50 ml of a dodecane solvent was added with 0.2 M
guaiacol and 0.5 g of the catalyst (nCo/ZrP) of Example 1,
and the resulting mixture was placed 1n a batch-type reactor
and heated to 300° C., and the total pressure was maintained
at 70 bar using a hydrogen gas, after which the reaction was
carried out at 300 rpm for 2 hr 30 min, thus preparing
cyclohexane. The temperature was then decreased to room
temperature, and a gualacol conversion and a yield of a final
product, namely cyclohexane, were measured. The results
are shown in FIG. 3.
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The guailacol conversion and the cyclohexane yield were
calculated using Equations 1 and 2 below.

n(GUA), ..., —r(GUA) 5, Equation 1
Xcua(%e) = — el 100 -
MGUA) iial
n(Product) cycponexane Equation 2

X 100

YC}’c.fﬂhExanE (%) — H(GUA)

initial

Experimental Example 2

Cyclohexane was prepared 1n the same manner as 1n Test
Example 1, with the exception that the catalyst (nN1/ZrP) of
Example 2 was used. Thereafter, the temperature was
decreased to room temperature, and the yield of a final
product was measured. The results are shown in FIG. 4.

Comparative Experimental Example 1
Cyclohexane was prepared 1n the same manner as 1n Test
Example 1, with the exception that the catalyst (2 wt %
Pt/ZrP) of Comparative Example 1 was used. Thereafter, the
temperature was decreased to room temperature, and the

yield of a final product was measured. The results are shown
in FIG. 2.

Comparative Experimental Example 2
Cyclohexane was prepared 1n the same manner as 1n Test
Example 1, with the exception that the catalyst (2 wt %
Pt/ZrP) of Comparative Example 2 was used. Thereatter, the
temperature was decreased to room temperature, and the
yield of a final product was measured. The results are shown

in FIG. 2.

Comparative Experimental Example 3

Cyclohexane was prepared 1n the same manner as 1n Test
Example 1, with the exception that the catalyst (25 wt %
Co/ZSMS (11.5)) of Comparative Example 3 was used.
Thereaiter, the temperature was decreased to room tempera-
ture, and the yield of a final product was measured. The
results are shown 1n FIG. 1.

Comparative Experimental Example 4

Cyclohexane was prepared 1n the same manner as 1n Test
Example 1, with the exception that the catalyst (25 wt %
Co/SA (40)) of Comparative Example 4 was used. There-
alter, the temperature was decreased to room temperature,
and the yield of a final product was measured. The results are
shown 1 FIG. 1.

Based on the test results, as shown in FIG. 1, when the
zirconium phosphate support according to the present inven-
tion was used, a rather high cyclohexane yield was obtained
compared to when using typical supports having different
acid sites, such as SIRAL (40) (Al,0,:510,=60:40, Sasol)
and ZSM-5 (S1/Al ratio of 11.3, Zeolyst).

As shown in FIG. 2, when the zirconium phosphate
support according to the present invention was used, higher
cyclohexane yield was obtained 1n the presence of a non-
noble metal such as N1 or Co than 1n the presence of a noble
metal such as Pd or Pt, typically usetul for HDO. In
particular, the use of Co led to a cyclohexane yield of 88%.




US 10,232,349 B2
7

Based on the test results, according to the present inven-
tion, a conversion of 99% was achieved 1n a short reaction
time of 2 hr 30 min, and a maximum cyclohexane yield was
measured to be 88%.

According to the present invention, the catalyst has no 5
need to treat sulfur that 1s liable to contaminate a product,
and enables the production of cyclohexane at high yield
under relatively simple conditions.

The 1nvention claimed 1s:

1. A method of preparing a cyclic hydrocarbon, compris- 10
ing preparing a cyclic hydrocarbon from a lignin derivative
through hydrodeoxygenation and hydrogenation using a
catalyst, wherein the catalyst 1s a non-noble-metal supported
on zirconmum phosphate.

2. The method of claim 1, wherein the hydrodeoxygen- 15
ation and hydrogenation are carried out under conditions of
a reaction temperature of 200 to 400° C., a total pressure of
40 to 70 bar, and a reaction time of 1 to 3 hr.

3. The method of claim 1, wherein the lignin derivative 1s
guaiacol, anisole, catechol, phenol or veratrol. 20

G e x Gx s
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